The term 'mesangium' was introduced by Zimmerman in 1933, but mesangial cells have not been gener4lly recognized in the vascular tuft of the renal glomerulus until the past decade. Zimmerman likened the stalk of the glomerular tuft to the mesentery of the bowel. He consideied mesangial cells to be fibroblasts in the stalk, covered by basement membrane which continued over the more peripheral capillaries, just as serosa covers the mesentery and bowel. This view fell into disrepute when early electron microscopists failed to demonstrate collagen fibres adjacent to mesangial cells and this was taken to imply that the cells were not fibroblasts. Furthermore, because of the close proximity of the mesangial stalk to the tuft capillaries, a distinction could not be made by light microscopy between mesangial cells and endothelial cells. More recent study, including three dimensional reconstruction of the glomerulus from histological sections (Jones 1963) , has shown beyond reasonable doubt that a third cell exists within the glomerular tuft, outside the capillaries but bounded by basement membrane. This is the mesangial cell.
Development
The nephron develops from an S-shaped tubular structure arising in the mesenchyme of the metanephric cap overlying the growing tip of the metanephric duct. That part of the S-tubule which is nearest the surface of the developing kidney communicates with the metanephric duct. The outer and middle limbs of the S-tubule form the convoluted tubules and the loop of Henle; the inner limb developsinto the glomerulus (Osathanondh & Potter 1966) . Capillaries grow into the cleft between the middle and inner limbs and come to lie in close contact with the inner limb epithelium. This epithelium becomes tall and columnar, and is invaginated into the tubular lumen with the capillaries followed by migration of connective tissue cells to form the vascularepithelial tuft (Fig 1) . It is these connective tissue cells which differentiate into mesangial cells. They are continuous with mesenchymal cells surrounding the S-tubule and lying close to the afferent and efferent limbs of the capillary loops. The capillaries remain closely applied to the columnar epithelium leaving the mesangium to occupy the central core of the tuft. Meanwhile the layer of epithelial cells opposite the vascular pole develops into the parietal layer of flat epithelium lining Bowman's capsule. Constriction of the vascular pole of the tuft produces a recognizable glomerulus. Segmentation of the tuft is caused by infolding ofthe surface epithelium between capillary loops and results in epithelial cells coming into close proximity with the mesangial cells in the central core, being separated only by basement membrane.
Structure
At the hilum of the mature glomerulus, the basement membrane of Bowman's capsule is continuous with that covering the vascular tuft. The membrane therefore separates the epithelial cells lining the urinary space from endothelial cells lining capillaries and mesangial cells forming the central core. The basement membrane covers the outer part of the capillary loops but towards the core of the tuft the membrane is reflected on to mesangium and from there on to the next capillary loop (Fig 1) . The axial aspect of the capillaries is not covered by basement membrane so that endothelial cells are in direct contact with the mesangium.
The mesangium consists of cells embedded in an amorphous and finely fibrillary matrix. In a normal glomerulus, mesangial cell nuclei constitute about one quarter of the total glomerular nuclei and the mesangial area about 7 % of the total glomerular area (Iidaka et al. 1968 ). With aging, there is increase of mesangial cellularity and of mesangial area (Vernier et al. 1971 ). Mesangial cells have oval indented nuclei in contrast t6 the smooth outline of endothelial nuclei. Long cytoplasmic processes of mesangial cells interdigitate with similar processes from neighbouring cells and occasionally may extend through gaps in the endothelium to the capillary lumen. However, in general, mesangial cells are separated from the lumen by endothelium. Mesangial cell cytoplasm contains relatively few organelles but it has bundles of fine fibrills and focal condensations on the cytoplasmic membrane ( Fig 2) similar to those seen in smooth muscle cells.
Mesangial matrix fills the space between adjacent mesangial cells and is continuous with the innermost layer of the capillary basement membrane, the lamina rara interna. The lamina densa of the basement membrane, although of similar appearance to mesangial matrix, is distinct from it and can be traced from the capillary wall over the mesangium. Mesangial matrix has a variable density; very raiely it may contain collagen fibres.
At the vascular pole of the glomerular tuft there is close-association of mesangial cells and the juxtaglomerular (JG) apparatus (Latta & Maunsbach 1962 , Barajas 1970 ) particularly the lacis cells with which they are continuous at the hilum. For this reason, and because of the structural similarity of the two types of cells, they have been referred to as extraglomerular and intraglomerular mesangial cells (Barajas 1970 ). The main difference between the two is that lacis, or extraglomerular mesangial cells, frequently contain granules similar to the JG granules in the epithelioid smooth muscle of the afferent arteriole, whereas these granules are rarely seen in intraglomerular mesangial cells and then only near the vascular pole. In conditions associated with JG hyperplasia, such as Bartter's syndrome and renal ischiemia, not only the JG cells in the afferent arteriole, but also the lacis cells and mesangial cells at the vascular pole become hyperplastic. This close anatomical and functional relationship and the ultrastructural similarity to smooth muscle suggest that all three types of cells, epithelioid afferent arteriolar cells, mesangial cells and lacis cells, are modified smooth muscle cells.
Function
Studies using tracer particles have shown that the mesangium is an important site for clearing particulate materials from the circulation. The lamina densa of the capillary basement membrane acts as a barrier to the penetration of large particles so that they tend to accumulate on the endothelial side of the membrane in the lamina rara interna (Vernier & Birch-Andersen 1963) .
Ferritin injected intravenously in rats accumulates within minutes in the lamina rara interna of the glomerular capillary wall and in the mesangial matrix (Farquhar & Palade 1962) . Thereafter this ferritin can be traced into vesicles and vacuoles within mesangial cells in a way very similar to the phagocytosis of particles by alveolar macrophages in the lung. After a few days ferritin is concentrated within mesangial cell vacuoles and little remains in the lamina rara interna or in the mesangial matrix. Studies with aggregated proteins (Michael et al. 1967 ) thorium (Latta & Maunsbach 1962) and colloidal carbon (Benacerraf et al. 1959 ) have all shown very similar results. It appears that the mesangium clears the subendothelial layers of the basement membrane of protein and other paiticulate material. Walker (1973) , in studies of the normal turnover of rat capillary wall basement membrane has suggested that epithelial cells synthesize the lamina densa and this persists for about a year before becoming depolymerized and removed in the lamina rara interna by the activity of the mesangium. In conditions of heavy proteinuria, for example, aminonucleoside nephlosis, there is increased phagocytosis of protein and of other tracer particles such as ferritin by the mesangium (Farquhar & Palade 1962) . This phagocytosis is proportional to the degree of proteinuria (Unanue & Dixon 1964) . Using radioactive isotope techniques it has been shown that under these circumstances the accumulation of protein in mesangial cells is due to increased uptake by the cells rather than decreased loss from them (Mauer et al. 1970 ). Most rats given aminonucleoside eventually develop mesangial cell proliferation and lobular sclerosis associated with mesangial deposition of immunoglobulin. This is possibly due to endogenous circulating immune complexes gaining access to the mesangium and producing chronic changes (Mauer et al. 1972) .
Although the phagocytic action of these cells now seems to be well established, the clearance of material from the cells is less obvious. The continuity between the intraglomerular mesangial cells and the extraglomerular lacis cells and the close relationship of the latter to the distal tubule and peritubular lymphatics suggests a possible pathway for the discharge of waste products. Although injected material is occasionally traced to the spaces between lacis cells (Latta & Maunsbach 1962) it is found only in small quantities suggesting that this is not a major route for the transport of particles. The appearance within mesangial cells of multivesicular bodies and dense bodies containing tracer particles is much more suggestive of a process of cellular digestion by these-cells.;
In addition to this principal function of phagocytosis, it seems likely that the mesangium has three other important functions. First, its central position and dense structure would suggest that it is a support for the glomerular tuft. Second, the similarity to smooth muscle cells raises the possibility that mesangial cells have contractile properties controlling the flow of blood through the tuft capillaries. Third, because JG granules are known to be associated with renin secretion, the finding of similar granules in mesangial cells makes it probable that these cells are also capable of secreting renin, particularly in conditions of JG hyperplasia (Dunihue & Boldosser 1963) .
Pathology
Diabetes mellitus: Kimmelstiel and his colleagues over the years have been responsible for drawing attention to the importance of the mesangium in diabetes mellitus (Kimmelstiel et al. 1962 , Kawano et al. 1969 ). In nodular diabetic glomerular sclerosis (Fig 3) mesangial cells increase from the normal 25 % of all glomerular cells to more than 40 % and the mesangial area increases from approximately 7 % to 20 % of the total glomerular area. It is not so well recognized that there is also a considerable increase in mesangial cells (up to 40% of all glomerular cells) in the diffuse form of diabetic glomeruloscierosis although the total mesangial area is not proportionately increased (lidaka et al. 1968, Kawano et al. 1969 ). The stimulus for this mesangial proliferation is still uncertain although it is known that IgG, /31C and albumin (McCluskey 1971 , Westburg & Michael 1972 ) may be found in the glomerular basement membrane and mesangium in human diabetes. In many of these patients the immunoglobulins are deposited in a linear fashion along the basement membrane similar to that found with anti-basement membrane (ABM) antibodies although ABM antibodies cannot be demonstrated in the serum of these diabetic patients. It seems more likely therefore, that these proteins are deposited in the diabetic kidney by nonspecific adherence rather than as an immunological reaction. In alloxan-induced diabetes of rats, IgG and #1C are deposited in the mesangium followed by progressive mesangial sclerosis (Mauer et al. 1972 ). This protein deposit may be the result of increased capillary permeability, as in aminonucleoside nephrosis, leading to increased uptake of protein by the mesangium from the subendothelial space or it may be due in this case to impaired clearance of protein from the mesangium for there are similarities to the aging mesangium with its implied diminished function.
Proliferative glomerulonephritis: In post-streptococcal proliferative glomerulonephritis it is now X X -0 ..k' generally assumed that immunoglobulin deposition in the glomerulus follows the formation of soluble immune complexes. These complexes are characteristically deposited in a granular fashion in the mesangium and along the capillary basement membrane occurring as 'humps' beneath the epithelial cells (Fig 4) . In this situation they attract polymorphonuclear leukocytes and stimulate endothelial and mesangial cell proliferation. Many of these deposits are cleared from the capillary wall by escaping into the urinary space and the inflammatory reaction resolves. However, some cases progress to permanent renal damage. The quantity and site of immunoglobulin deposition may be correlated with the severity and progress of the disease (Davison et al. 1973) . In minor or resolving glomerulonephritis there is little deposition of immunoglobulin in capillary walls although it can be demonstrated in the mesangium associated with slight mesangial cell proliferation and increase in mesangial matrix.
In more severe forms of proliferative and progressive glomerulonephritis the increased glomerular cellularity affecting both endothelial and mesangial cells is associated with immunoglobulin deposition in the capillary walls as well as in the mesangium. In the rapidly progressive form of proliferative glomerulonephritis in which the predominant lesion is epithelial cell proliferation the vascular tuft is commonly collapsed and bloodless. Under these circumstances there is little mesangial deposition of immunoglobulin in the tuft and inconspicuous mesangial proliferation (Berger et al. 1971) . It is recognized that this form of glomerulonephritis is associated with fibrin/fibrinogen deposition in Bowman's space. It is assumed that in the mild forms of glomerulonephritis the mesangium clears the peripheral capillary loops of immune complexes but in the progressive form ofthe disease this is less effective.
In the rapidly progressive form of the disease there is more severe capillary wall damage and escape of fibrin and immune complexes into the urinary space, the former stimulating epithelial cell proliferation and crescent formation. Since immune complexes are not held in the capillary wall there is no mesangial phagocytosis and no stimulus to mesangial cell proliferation. Although most cases of proliferative glomerulonephritis show clinical recovery there is a persistence of minor degrees of mesangial hypercellularity often for many years. This may be minimal and dismissed on light microscopy as within normal limits but quantitative studies reveal that even these have increased mesangial cellularity and matrix (Iidaka et al. 1968 ).
Mesangial IgA and recurrent ha?maturia: Some cases of resolving post-streptococcal proliferative glomerulonephritis may be difficult to distinguish by light and electronmicroscopy from the nephropathy associated with recurrent heematuria described by Berger and others (Berger & Hinglais 1968 , Berger 1969 , Davies et al. 1973 . Endothelial and epithelial cell changes may be inconspicuous but mesangial increase is often sufficient to result in a histological diagnosis of focal proliferative glomerulonephritis. Commonly, the expansion of the mesangial area is only apparent after silver staining (Fig 5) . Ultrastructurally electron dense deposits may be found in the matrix (Fig 6) and these conespond with the diagnostic localization of IgA in the mesangium. In most cases the course of the disease is benign but a small minority of cases proceed to renal failure (Berger et al. 1971 ).
Membrano-proliferative glomerulonephritis: Membrano-proliferative glomerulonephritis is characterized histologically by mesangial cell proliferation. This may be most noticeable in the centre of the lobule associated with increased mesangial matrix giving rise to the term lobular glomerulonephritis (Fig 7) . Alternatively, mesangial cells may extend from their normal axial position around the capillary wall (Fig 8) in which case the term mesangio-capillary glomerulonephritis is used. Lobular glomerulonephritis may resemble nodular diabetic glomerulosclerosis, but in the former there is a distinctive deposition of IgG, f,1C and, less commonly, IgM in the peripheral capillary loop, sparing the axial mesangial region. This pattern of immunoglobulin deposition is quite unlike that seen in the diabetic kidney. In the mesangiocapillary form of glomerulonephritis there is circumferential interposition of mesangial cells between the endothelial cells and basement membrane of the capillary wall. Basement membrane-like mesangial matrix-laid down on the endothelial side of these mesangial cells may be stained by methenamine-silver to give the appearance of a double of 'split' basement membrane (Fig 9) . Immune deposits containing f,1C, IgG and sometimes IgM and IgA have a similar peripheral capillary distribution to the lobular pattern of glomerulonephritis. Mesangiocapillary glomerulonephritis is commonly associated with low levels of C3 in the serum. However, it must be remembered that at least one-third of cases show normal levels of C3 (Cameron et al. 1973) . Low levels of serum complement are more common and persistent in children than in adults. The sinister significance of this disease is that it appears to undergo slow progression to renal failure without spontaneous improvement. Although it would be convenient to regard this as a specific histological picture, it must be appreciated that a similar picture may be seen in other diseases, notably lupus nephritis. In the latter, there may be differences in the immunofluorescence pattern for IgM, IgA and fibrin/fibrinogen are more commonly found. In lupus nephritis the deposits in the capillary wall are characteristically seen in the subendothelial zone. It is in association with these deposits that the interposed mesangial cells are found.
It appears that wherever circumferential interposition of mesangial cells in the capillary wall is found then glomerular damage is irreversible (Arakawa & Kimmelstiel 1969) . Partial interposition of mesangial cells in capillary walls especially near the axial region is sometimes seen in apparently normal kidneys.
Membranous glomerulonephritis: In membranous glomerulonephritis the emphasis is given to the deposition of immunoglobulins in the glomerular basement membrane in a subepithelial location, i.e. epimembranous, associated with loss of epithelial cell foot processes. This immunoglobulin deposition results in thickening of the capillary wall. Initially, argyrophilic 'spikes' of basement membrane can be demonstrated extending between the unstained deposits on the epithelial side of the membrane. Later in the disease the deposits become included in the membrane by further deposition of basement membrane beneatb the epithelium. Silver preparations of the capillary wall now have a fenestrated or 'moth-eaten' appearance ( Fig 10) . At this stage the mesangial area is expanded and there is some increase in mesangial cellularity. This mesangial expansion continues until there is complete glomerular sclerosis.
Hypertension: Several of the diseases so far considered are associated with hypertension and this in itself may give rise to mesangial proliferation and increased mesangial matrix leading to glomerulosclerosis. In kidneys from patients with severe accelerated hypertension it is commo-n to find widespread increase of the mesangial area associated with collapse of glomerular capillaries and wrinkling ofthe capillary basement membrane (Fig 1 1A) . When the hypertension is controlled many glomeruli are restored to normal, there is apparent reduction in the mesangial area, the capillaries dilate and their contour, outlined by the basement membrane (Fig 1 1B) becomes smooth. With prolonged hypertension there is progressive increase of the mesangial area and this, together with the prolonged ischmmic collapse of the capillaries results in obliteration of the tuft. Deposition of collagen occurs mainly within Bowman's capsule obliterating the urinary space. There is usually little collagen to be found in the hyalinized tuft, the hyaline material being mesangial matrix and basement membrane. Glomerular tuft obliteration: Obliteration of glomerular capillaries may be due to a variety of pathological processes. First, the lumen may be filled by proliferating endothelial cells or it may be compressed by proliferating mesangial cells either in the axial region (Fig 7) or by circumferential interposition of mesangial cells within the capillary wall (Fig 8) . Some apparent increase of endothelial cells may be due to the reduced diameter of the capillaries so that there is less surface area to be covered by endo- In severe hypertension glomerular ischcmia is manifest by collapse ofcapillaries and increase ofmesangial area. B, With control ofthe hypertension, many ofthe glomerular capillaries dilate and the mesangial area is reduced thelium. Second, there may be collapse of capillaries with or without cellular proliferation.
If this collapse is due to arterial or arteriolar disease then the whole tuft shrinks, and the capillary walls become wrinkled (Fig 12) . However, when a segment of the tuft is involved, it seems more likely that an intraglomerular mechanism is involved. The similarity of mesangial cells to smooth muscle cells (Fig 2) suggests that these cells may be contractile and so cause local constriction of capillaries. In glomeruli showing segmental ischamic collapse of capillaries, it is common to find the basement membrane directly overlying the mesangium wrinkled as though the underlying cell has contracted. The third mechanism of production of glomerular ischaemia is intraluminal occlusion by fibrin as seen in lupus nephritis and in disseminated intravascular coagulation caused by malignant hypertension. Surprisingly, mesangial cells usually survive in the avascular tuft whatever the apparent mechanism of glomerular obsolescence although endothelial and epithelial cells degenerate.
Localization of mesangial immunoglobulin: The stimulus to mesangial cell proliferation often appears to be protein taken up from the subendothelial space of the capillary wall. This protein is usually immunoglobulin assumed to be in the form of immune complexes. The localization of these immune complexes in the subendothelial space, where they are available for uptake by the mesangium, depends on several factors. They may be affected by the intracapillary and urinary space hydrostatic pressure, i.e. the filtration pressure (Germuth et al. 1967 ). The quantity of immune complexes also determines whether the mesangium is involved. Experimentally, when small numbers of immune complexes are formed they tend to be confined to the lamina densa of the capillary basement membrane, but with increasing numbers of deposits they also occur in the mesangium which becomes hyperplastic (Fennel & Pardo 1967) . The ability of immune complexes to localize in vessel walls is related to their large size rather than to any specific affinity between the complexes and the vessel wall or to any net charge they carry (Cochrane & Hawkins 1968 ). The relative size determines whether they are deposited peripherally in the capillary wall or in the central mesangium , Dreesman & Germuth 1972 . The smaller complexes are formed when there are low levels of antibody response so that the immune complexes have a relatively high antigen/antibody ratio. Small complexes of molecular weight in the range of a half to three-quarters of a million are deposited in the outer or peripheral part of the glomerular capillary basement membrane where they stimulate a polymorphonuclear leukocyte reaction. It seems likely that lysosomal enzymes released from these leukocytes contribute to tissue injury. The larger complexes occur with intermediate levels of antibody response resulting in complexes with proportionately more antibody. Antigen cannot be detected immunologically, presumably because it is 'masked' by the larger quantity of antibody . These larger complexes of one million or greater are deposited in the mesangium associated with focal mesangial cellular proliferation. Germuth et al. (1968) have suggested that when cortisone is administered it affects the permeability of the basement membrane to immune complexes. Under these circumstances small complexes, that is of a size which would have been expected to have localized in the outer, subepithelial zone of the basement membrane, are found to pile up in the subendothelial zone and to be sequestered by the mesangium. The changes of acute proliferative glomerulonephritis whicb would have been expected with this size of complex are not found to the same extent when the complexes are phagocytosed by the mesangium. It is suggested that this is one of the ways in which cortisone may protect the kidney from immunological damage.
In the reports of identification of streptococcal antigen in acute proliferative glomerulonephritis (Zabriskie et al. 1973 ) the antigen is found in the mesangium and not in the subepithelial hump deposit. In the early stages of proliferative glomerulonephritis, fibrin/fibrinogen is also found in much the same distribution as the antigen. It is postulated that the streptococcal antigen, an M protein, or M-associated protein of the cell wall, complexes with fibrinogen and is taken up by mesangial cells which undergo reactive proliferation. After streptococcal infections, patients may get three types of reaction: (1) Toxic reactions to a streptococcal product. (2) They may form antigen-antibody immune complexes which deposit in the peripheral capillary loop. (3) They may form fibrinogen-M-protein complexes localized to the mesangium.
Antigen on its own may be taken up by mesangial cells and subsequently there may be an antigen-antibody reaction -at this site. Such a mechanism is supported by experimental evidence using transplanted kidneys containing an unrelated antigen (Mauer et al. 1973 ). Antigen given intravenously to rabbits localizes in the mesangium. If these kidneys are transplanted into normal rabbits and antibody then given changes of proliferative glomerulonephritis develop within hours and by three days there is marked mesangial hypercellularity These changes are not seen in animals from control experiments.
Conclusion
Mesangial localization of immunoglobulin is the result of many factors, not all of which are dependent upon the presence of circulating soluble immune complexes. The role of the mesangium in removing protein and particulate material from the capillary wall seems to be of primary importance. Accumulation of protein in the mesangium leads to proliferation of mesangial cells. This, if uncontrolled, results in segmental or global obliteration of the vessels in the glomerular tuft and glomerular obsolescence. The well recognized picture of glomerular sclerosis, is the consequence, in many cases, of this mesangial reaction. Knowledge of the structure and function of the mesangium is basic to an understanding of glomerular disease.
